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Abstract 9 
We report the dynamics of compound droplets with a denser liquid (water) droplet over a less dense sessile droplet 10 
(mineral oil) that satisfies the Neumann condition. For a fixed size of an oil droplet, depending on the size of the water 11 
droplet, either it attains the axisymmetric position or tends to migrate toward the edge of the oil droplet. For a water 12 
droplet-to-oil droplet at volume ratio 𝑉𝑤 𝑉𝑜⁄ ≥ 0.05, stable axisymmetric configuration is achieved; for 𝑉𝑤 𝑉𝑜⁄ < 0.05, 13 
migration of water droplet is observed. The stability and migration of water droplets of size above and below critical size 14 
respectively are explained using the force balance at the three phase contact line and film tension. The larger and smaller 15 
droplets that initially attain the axisymmetric position or some radial position respectively evaporate continuously and 16 
thus migrate towards the edge of the oil droplet. The radial location and migration of the water droplets of different initial 17 
size with time are studied. Experiments with water droplets on a flat oil-air interface did not show migration, which 18 
signified the role of the curved oil-air interface for droplet migration. Finally, coalescence of water droplets of size above 19 
the critical size at the axisymmetric position is demonstrated. Our compound droplet studies could be beneficial in 20 
applications involving droplet transport where contamination due to direct contact and pinning of droplets on solid 21 
surfaces is of concern. Migration and coalescence of water droplets on curved oil-air interfaces could open up new 22 
frontiers in chemical and biological applications including multiphase processing and biological interaction of cells and 23 
atmospheric chemistry. 24 
1. Introduction 25 
Surface tension1 plays a crucial role in the floatation of small denser objects over surfaces of liquids2,3. The wettability 26 
of liquids at a solid-liquid interface is determined by the Young’s contact angle4, whereas the same at liquid-liquid 27 
interface is governed by the Neumann’s triangle5–7. Compound droplets8–10 or multiphase droplets that comprise two 28 
immiscible liquid droplets surrounded by another immiscible phase have found applications in many areas such as 29 
multiphase processing11 and biological interaction of cells11 and atmospheric chemistry12. Although the concept of 30 
multiphase droplets existed for almost a hundred years13, such droplets have recently14–16 gained considerable attention 31 
due to their potential applications in functionalized foods, pharmaceutical formulations and drug delivery vehicles17. 32 
The equilibrium shape of compound droplets is determined by the minimization of surface and interfacial energy of the 33 
system18. Investigation of the interfacial interaction of an oil droplet over water surface surrounded by air as an immiscible 34 
continuous phase has been reported19–25. The shape of the resulting droplets has been studied using simulations26–28 and 35 
experiments12. The interfacial interaction of two immiscible liquid droplets in a third immiscible phase have been studied 36 
analytically with the help of the spreading coefficient29. Based on the minimization of surface and interfacial energies, 37 
mainly two possible configurations are observed12: droplet encapsulation and liquid lens formation, depending on the 38 
value of the spreading coefficients 𝑆𝑖 = 𝛾𝑗𝑘 − (𝛾𝑖𝑗 + 𝛾𝑖𝑘), where 𝑖, 𝑗 and 𝑘 represent the three different phases in a 39 
compound droplet, first phase, second phase and third phase (continuous phase), respectively. If the interfacial tension 40 
values are such that all the three spreading coefficients are negative, then a liquid lens of the first phase is formed over 41 
the surface of the second phase. If the spreading coefficient for the second phase is positive and that for the first and third 42 
phases are negative, then the first phase gets completely engulfed inside the second phase. Depending on the density and 43 
volume of the phases, two more configurations are also possible12: collar and Janus configuration. If the continuous phase 44 
is the least dense, both phases of the compound drop can be in contact with the substrate which gives rise to an 45 
axisymmetric configuration and formation of a ring or collar of first phase around the base of the sessile droplet of the 46 
second phase. If the top droplet (first phase) in a compound droplet is of larger volume such that gravity plays a role, the 47 
top droplet slides down and rests on the substrate besides the sessile droplet which gives the non-axisymmetric and non-48 
spherical Janus configuration7. 49 
 50 
Most of the studies reported on the multiphase systems involving floating liquid lens are based on the floatation of less 51 
dense phase on top of the denser phase27,30,31, which is either of planar or curved shape. A detailed description of the 52 
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formation of liquid lens with a lighter drop on top of the planar interface of a denser liquid has been studied30. However, 1 
when the supporting interface is curved, such as a lens on a droplet, the problem becomes challenging due to the additional 2 
complexity because of the curvature. Limited studies are available on such systems and in most cases the compound 3 
droplets are entirely surrounded by another immiscible continuous phase32–35. In such a case, description of the 4 
equilibrium geometrical configuration becomes relatively simple and is obtained from the Young-Laplace equation by 5 
considering the interfacial energies and drop volumes. Recently the geometric stability criterion for axisymmetric 6 
configuration36 that is the density ratio must be smaller than the critical density ratio that depends on the surface and 7 
interfacial tensions, the drop volumes, and the contact angle, is determined in the zero bond number limit, followed by 8 
the verification by using Surface Evolver ( SE) simulations and experiments. However, in these cases, the top droplet is 9 
less dense as compared to the sessile base droplet.  10 
The flotation of a denser phase on top of less dense phase has not received much attention. The floatation of water droplet 11 
on a flat oil interface that satisfy Neumann triangle was studied experimentally37. It was found that the stability of the 12 
floating droplet depends on the combination of three interfacial tension values, oil density, and water droplet volume. 13 
More recently, the stability of the water droplet on flat oil interface was improved by using surfactant which changes the 14 
obtuse contact angle to acute contact angle38. In the above cases, the stability of the denser droplet on a less dense liquid 15 
was explained in terms of the Neumann triangle. Recently, we have reported floatation of a denser liquid drop on the flat 16 
surface of a less dense oil that do not satisfy Neumann condition (γij> γjk+ γik ) and explained the role of line tension 17 
which prevents the denser droplet from complete engulfment39. Here, for the first time, we report the dynamics of a 18 
denser liquid (water) droplet on the curved interface of a sessile lighter phase (mineral oil) droplet placed on a flat PDMS 19 
surface in which the Neumann condition is satisfied. For a fixed volume of sessile oil droplet, the behavior of water 20 
droplets of different volumes is investigated. Water droplets above a critical volume attain stable axisymmetric position 21 
whereas smaller droplets migrate towards the edge of the sessile droplet. The stability and migration of the water drops 22 
are explained both using force balance at the three phase contact line as well as the energy minimization perspective. 23 
The motion of droplets on a substrate has been widely studied in which a differential curvature gradient is imposed to 24 
create a Laplace pressure gradient40. The velocity of a droplet is determined by balancing the force due to Laplace pressure 25 
gradient and viscous force, which in turn gives the capillary velocity of the droplet41. One of the major limitations of 26 
controlled motion of droplets on surfaces is due to the droplet pinning along the contact line and surface 27 
contamination42,43. It has been reported that external vibrations44 or coalescence45 can overcome droplet pinning. Here, 28 
we demonstrate transport of water droplets over droplet or curved interface of mineral oil. Since there is no direct contact 29 
between the droplet phase and the substrate, it prevents droplet pinning and eliminates contamination. The radial location 30 
of the water droplets of different initial size during migration is studied with time. Finally, coalescence of water droplets 31 
of size above the critical size at the axisymmetric position is demonstrated. In this article, we first discuss the materials 32 
and methods used for the compound droplet studies. Next, we outline the theoretical considerations for the compound 33 
droplets involving multiple interfaces. Finally, we present the experimental results and discussions. 34 
2. Materials and methods 35 
Deionized (DI) water was obtained from a deionization water purification system (Siemens, resistivity 18.2 MΩ.cm). 36 
Mineral oil (99% purity) was obtained from Across Organics (Thermo Fisher Scientific) and used as received. The 37 
densities of water and mineral oil are 998 kg/m3 and 850 kg/m3 respectively. The surface tension of DI water and mineral 38 
oil, and interfacial tension of mineral oil with DI water were measured by Du Nouy ring method using a Tensiometer 39 
(Sigma 701 Tensiometer, Sweden) and are respectively as: 72.8±0.2 mN/m, 28.8±0.2 mN/m, and 45.6±0.5 mN/m. Micro 40 
glass slides (The Science House, Chennai, India) spin coated with PDMS (Sylgard- 184, Silicone Elastomer kit, Dow 41 
Corning, USA) were used. The PDMS coated substrate is hydrophobic with DI water contact angle of 112o and oleophilic 42 
with mineral oil contact angle of 42o, as measured using a Goniometer (Holmarc Opto-Mechatronics Pvt. Ltd., India). 43 
The oleophilic PDMS substrate makes it easier to dispense and position the sessile mineral oil droplet to perform the 44 
compound droplet experiments. The PDMS coated glass slides were thoroughly cleaned with isopropyl alcohol (IPA) 45 
and dried with compressed nitrogen before use. Compound droplets were prepared by first dispensing fixed volume of a 46 
sessile droplet of mineral oil on the PDMS coated glass substrate, and then adding another drop of DI water on top using 47 
syringes. The volumes of the dispensed droplets were verified using a high precision microbalance (Sartorius AG, 48 
Germany). Two USB microscopes (AM7515MZT & AM7115MZT, Dinolite, Taiwan) were used for simultaneously 49 
capturing the side and top views of the compound droplets (Fig. 1a). The experiments were conducted in an air-50 
conditioned laboratory at an ambient temperature of 22 oC with 47% relative humidity. Observation of the portion of the 51 
water droplet present inside oil droplet is challenging as the oil droplet is a portion of a spherical cap. In order to observe 52 
the water-oil interface below the three-phase contact line, we used a PDMS substrate with a cylindrical slot of diameter 53 
of the order of the base diameter of sessile oil droplets, as depicted in Fig. 1b. For better visualization of the water droplet, 54 
in some experiments a small amount of Rhodamine dye (0.5% by volume) is added to DI water. The change in the 55 
properties of DI water (i.e., density, surface tension and interfacial tension) due to addition of the dye is less than 1% so 56 
it does not influence the experimental results. 57 
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 1 
Fig. 1 (a) Schematic of the setup used in our experiments with compound droplets (b) PDMS substrate with a cylindrical 2 
slot used for observing the water-oil interface below the three-phase contact line.   3 
3. Theoretical considerations 4 
A schematic of a sessile compound droplet resting on a planar substrate is depicted in Fig. 2a. A small denser liquid 5 
(water, subscript 𝑤) drop is placed on top of a sessile less dense (mineral oil, subscript 𝑜) droplet both surrounded by a 6 
continuous phase (air, subscript 𝑎) so the water drop attains lens configuration. The formation of liquid lens at the 7 
interface between two immiscible liquids (i.e. water and oil) surrounded by another immiscible continuous phase ( i.e. 8 
air) can be governed by Neumann triangle5,6,30. The Neumann triangle requires that the interfacial tensions 𝛾𝑖𝑗 satisfy the 9 
triangle inequality 𝛾𝑖𝑗 < 𝛾𝑗𝑘 +𝛾𝑘𝑖 for all cyclic permutation of the indices (𝑖, 𝑗, 𝑘) = (𝑤, 𝑜, 𝑎), which is satisfied for the 10 
water-mineral oil-air combinations.  11 
In order to verify for the effect of gravity on the behaviour of the compund droplet, we consider the interfacial tension 12 
𝛾𝑖𝑗 of the different interfaces and the corresponding Capillary length 𝜆𝑖𝑗 = √𝛾𝑖𝑗 Δ𝜌𝑖𝑗𝑔⁄ , where Δ𝜌𝑖𝑗   is the density 13 
difference between the phases 𝑖 and 𝑗, and 𝑔 is the acceleration due to gravity. For the fluid system considered here, the 14 
capillary length   𝜆𝑖𝑗 ≥ 5.6 mm  and the typical length scale 𝐿 of the water drops we consider is 𝐿 ≅ 0.78 mm, which 15 
gives the corresponding Bond number 𝐵𝑜 ≡ (𝐿 𝜆𝑖𝑗⁄ )
2
≅ 0.019 ≪ 1.0 . This indicates that the effect of gravity on the 16 
behaviour of the compound droplet can be neglected.  17 
In the case of liquid lenses, at three phase contact line, line tension 𝜏 can be important30. However, the effect of line 18 
tension on the equilibrium behavior of a system diminishes when the contact radius 𝑟𝑐  at the three phase contact line is 19 
large. As reported in the literature31,46, the values of line tension are in the range of 10−9 to 10−12 J/m. In our experiments, 20 
the radius at the three phase contact line 𝑟𝑐~10
−3 m, and the values of interfacial tensions 𝛾𝑖𝑗~10
−3 N/m. Since (𝜏 𝑟𝑐⁄ ) ≪21 
𝛾𝑖𝑗, the influence of the line tension on the equilibrium behavior of the compound droplet can also be neglected. 22 
In the compound droplet (Fig. 2a), by considering Young-Laplace pressure jump across the water-oil interface12, we 23 
obtain 24 
𝛾𝑤𝑎
𝑟𝑤𝑎
=
𝛾𝑜𝑎
𝑟𝑜𝑎
+
𝛾𝑤𝑜
𝑟𝑤𝑜
 .                                                                                 (1) 25 
The geometry of the triangles in Fig. 2a gives 26 
𝑟𝑤𝑜𝑠𝑖𝑛𝜃𝑤𝑜 = 𝑟𝑤𝑎𝑠𝑖𝑛𝜃𝑤𝑎 = 𝑟𝑜𝑎𝑠𝑖𝑛𝜃𝑜𝑎 = 𝑟𝑐.                                                         (2) 27 
Considering conservation of volumes of the water and oil droplets of initial radius 𝑅𝑤 and 𝑅𝑜 , respectively, we obtain 28 
𝑅𝑤
3 = (𝑟𝑤𝑎
3 4⁄ )[2 + 3𝑐𝑜𝑠𝜃𝑤𝑎 − 𝑐𝑜𝑠
3𝜃𝑤𝑎 + 𝜉𝑤𝑜] and 29 
𝑅𝑜
3 = (𝑟𝑜𝑎
3 4⁄ )[2 + 3𝑐𝑜𝑠𝜃𝑜𝑎 − 𝑐𝑜𝑠
3𝜃𝑜𝑎 − 𝜉𝑤𝑜],  30 
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where 𝜉𝑤𝑜 = 𝑟𝑤𝑜
3 (2 − 3𝑐𝑜𝑠𝜃𝑤𝑜 + 𝑐𝑜𝑠
3𝜃𝑤𝑎),       represents the volume of the water droplet inside the oil phase.                                                                                                                   1 
(3) 2 
If we balance interfacial tension forces along the horizontal direction, we get 3 
𝛾𝑤𝑎𝑐𝑜𝑠𝜃𝑤𝑎 + 𝛾𝑜𝑎𝑐𝑜𝑠𝜃𝑜𝑎 = 𝛾𝑤𝑜𝑐𝑜𝑠𝜃𝑤𝑜                                                             (4) 4 
If we introduce the following non-dimensional parameters: 𝐾𝑤 = 𝛾𝑤𝑎 𝛾𝑤𝑜⁄  , 𝐾𝑜 = 𝛾𝑜𝑎 𝛾𝑤𝑜⁄  and 𝐶𝑎 = 𝑟𝑤𝑎 𝑟𝑜𝑎⁄ , eqns. 1 5 
and 2 can be expressed as 6 
𝑟𝑤𝑜 = 𝑟𝑤𝑎 (𝐾𝑤 − 𝐶𝑎𝐾𝑜)⁄                                                                             (5) 7 
𝑠𝑖𝑛𝜃𝑤𝑜 = 𝑠𝑖𝑛𝜃𝑤𝑎(𝐾𝑤 − 𝐶𝑎𝐾𝑜) and 8 
𝑠𝑖𝑛𝜃𝑜𝑎 = 𝐶𝑎𝑠𝑖𝑛𝜃𝑤𝑎                                                                               (6) 9 
Upon substitution of eqns. 5 and 6 in eqn. 4, we get 10 
𝑠𝑖𝑛2𝜃𝑤𝑎 = [4𝐾𝑤
2𝐾𝑜
2 − (1 − 𝐾𝑤
2 − 𝐾𝑜
3)2] 4Γ⁄  ,                                                       (7) 11 
where Γ = 𝐾𝑤𝐾𝑜[𝐾𝑤𝐾𝑜(𝐶𝑎
2 + 1) − 𝐶𝑎(𝐾𝑤
2 + 𝐾𝑜
2 − 1)]. 12 
By combining eqn. 7 with eqn.6, we obtain  13 
𝑐𝑜𝑠𝜃𝑤𝑎 = [2𝐾𝑤𝐾𝑜𝐶𝑎 − (𝐾𝑤
2 + 𝐾𝑜
2 − 1)] 2Γ1 2⁄⁄ , 14 
𝑐𝑜𝑠𝜃𝑤𝑜 = [𝐶𝑎𝐾0(𝐾𝑤
2 − 𝐾𝑜
2 + 1) − 𝐾𝑤(𝐾𝑤
2 − 𝐾𝑜
2 − 1)] 2Γ1 2⁄⁄  and 15 
𝑐𝑜𝑠𝜃𝑜𝑎 = [2𝐾𝑤𝐾𝑜 − 𝐶𝑎(𝐾𝑤
2 + 𝐾𝑜
2 − 1)] 2Γ1 2⁄⁄                                                           (8) 16 
From geometry, the contact angles 𝛿, 𝜙 and 𝜓 at the three phase contact line (Fig. 2b) and the angles 𝜃𝑤𝑎 , 𝜃𝑜𝑎  and 𝜃𝑤𝑜 17 
are related as follows:  18 
𝛿 = 𝜃𝑤𝑜 + 𝜋 − 𝜃𝑤𝑎 , 𝜙 = 𝜃𝑤𝑎 + 𝜃𝑜𝑎, 𝜓 = 𝜋 − 𝜃𝑤𝑜 − 𝜃𝑜𝑎                                                 (9) 19 
Upon substitution of eqn. 8 in eqn. 9, we express the three phase contact angles 𝛿, 𝜙 and 𝜓 in terms of the interfacial 20 
properties. The contact angle 𝛿 is obtained as  21 
𝑐𝑜𝑠𝛿 = 𝑐𝑜𝑠(𝛼 + 𝛽) = (𝛾𝑜𝑎
2 − 𝛾𝑤𝑎
2 − 𝛾𝑤𝑜
2 ) 2𝛾𝑤𝑎𝛾𝑤𝑜⁄                                                  (10) 22 
Similarly, 𝑐𝑜𝑠𝜙 = (𝛾𝑤𝑜
2 − 𝛾𝑜𝑎
2 − 𝛾𝑤𝑎
2 ) 2𝛾𝑜𝑎𝛾𝑤𝑎⁄  and 𝑐𝑜𝑠 𝜓 = (𝛾𝑤𝑎
2 − 𝛾𝑤𝑜
2 − 𝛾𝑜𝑎
2 ) 2𝛾𝑤𝑜𝛾𝑜𝑎⁄ . 23 
If we balance the components of the interfacial tensions in the directions along parallel and normal to the oil-air interface 24 
at the three-phase contact line, we would acquire two equations that are equivalent to the Neumann triangle condition, as 25 
follows  26 
𝛾𝑤𝑎𝑐𝑜𝑠(𝛽 − 𝜔) + 𝛾𝑤𝑜𝑐𝑜𝑠(𝛼 + 𝜔) = 𝛾𝑜𝑎  and                                                           (11) 27 
𝛾𝑤𝑎𝑠𝑖𝑛 (𝛽 − 𝜔) − 𝛾𝑤𝑜𝑠𝑖𝑛(𝛼 + 𝜔) = 0     28 
The above two equations can be solved to give 29 
𝑐𝑜𝑠(𝛼 + 𝜔) = [1 + (𝛾𝑤𝑜 𝛾𝑜𝑎⁄ )
2 − (𝛾𝑤𝑎 𝛾𝑜𝑎⁄ )
2] 2(𝛾𝑤𝑜 𝛾𝑜𝑎⁄ )⁄  and 30 
𝑐𝑜𝑠(𝛽 − 𝜔) = [1 + (𝛾𝑤𝑎 𝛾𝑜𝑎⁄ )
2 − (𝛾𝑤𝑜 𝛾𝑜𝑎⁄ )
2] 2(𝛾𝑤𝑎 𝛾𝑜𝑎⁄ )⁄  .                                              (12) 31 
By solving eqns. 10 and 12, we can obtain the values of 𝛼, 𝛽 and 𝜔  which can be used for calculating the net vertical 32 
and horizontal forces at the three phase contact line.  33 
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 1 
Fig. 2 (a) Schematic of a compound droplet, with water droplet on a sessile oil droplet, resting on a planar substrate and 2 
surrounded by air as the continuous phase; (b) Equilibrium interfacial tensions and the corresponding closed Neumann 3 
triangle.      4 
4. Results and discussion 5 
4.1 Behavior of compound droplets: the critical size 6 
First, we performed experiments to observe the behavior of compound droplets by varying the volumes of the oil and 7 
water droplets. Fig. 3a shows experimental images of DI water droplets of volume 𝑉𝑤 = 0.25 and 2.0 µl over sessile 8 
mineral oil droplets of fixed volume 𝑉𝑜 =15 µl resting on PDMS surface. In both cases, the water droplets were dispensed 9 
precisely at the top axisymmetric location of the mineral oil droplets. It is observed that the larger DI water droplet of 10 
size 𝑉𝑤 = 2.0 µl attains stable axisymmetric configuration while the smaller DI water droplet of size 𝑉𝑤 = 0.25 µl 11 
migrates toward the edge of the sessile oil droplet. This non-intuitive behavior of compound droplets were investigated 12 
further by varying the size of the oil and water droplets systematically. The volume of the sessile oil droplet was varied 13 
in the range of 𝑉𝑜 =5.0 to 15.0 µl (with increment of 2.5 µl) and for each volume of the oil droplet, DI water droplets of 14 
volume in the range of 𝑉𝑤 =0.25 to 1.5 µl (with increment of 0.25 µl) were used. Fig. 3b shows the experimental data for 15 
the migrating and non-migrating (stable) compound droplets for different combinations of volumes of oil and water 16 
droplets. For a given volume of sessile oil droplet, there is a critical volume of water droplet 𝑉𝑐 above which the compound 17 
droplet remains stable at the axisymmetric position and below which outward migration of DI water droplet is observed. 18 
Interestingly, the critical volume 𝑉𝑐 linearly increases with the increasing volume of the sessile oil droplet 𝑉𝑜 which gives 19 
𝑉𝑐 = 0.05 𝑉0 (Fig. 4). The stability of droplets of size above the critical volume and migration of droplets of size below 20 
the critical volume are explained in section 4.1 and 4.2, respectively. 21 
 22 
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  1 
Fig. 3 (a) Behavior of DI water droplets of volume 𝑉𝑤 = 0.25 and 2.0 µl over sessile oil droplets of fixed volumes 𝑉𝑜 =15 2 
µl resting on PDMS surface (b) Experimental data for the migrating and stable compound droplets for different 3 
combinations of volumes of oil 𝑉𝑜 and water 𝑉𝑤 droplets.  4 
4.2 Water droplets larger than the critical size: migration and temporary equilibrium 5 
Next, we performed experiments with water droplets of volumes larger than the critical size and observed the migration 6 
behavior. Fig. 4a shows the migration behavior of a larger water droplet of volume 2.0 µl dispensed off-centered (𝑟 =7 
0.47 mm) on a sessile mineral oil droplet of volume 15 µl. In less than 6.0 s, the water droplet migrates toward the center 8 
of the oil droplet and attains stable axisymmetric configuration (temporarily). The migration of droplets larger than the 9 
critical size toward the axisymmetric position can be explained with the help of Fig. 4b. A water droplet of larger than 10 
critical size contacts the substrate at a location where it is dispensed and is deformed asymmetrically with varying radii 11 
of curvature which results in a differential Laplace pressure Δ𝑝 = 𝛾𝑤𝑜(1 𝑅𝑜⁄ − 1 𝑅𝑖⁄ ), where 𝑅𝑜 and 𝑅𝑖 are the radius of 12 
curvature of the outer and inner sides of the water-oil interface. The differential Laplace pressure propels the droplet 13 
toward the axisymmetric position for the minimization of surface energy. In order to view the water-oil interface below 14 
the three phase contact line, we performed experiments with a PDMS substrate containing a cylindrical slot (Fig. 1b) of 15 
diameter comparable to that of the base diameter of the 20 µl droplet. A water droplet of volume 3.0 µl was dispensed at 16 
an off-centered position on the curved mineral oil interface and the images are presented in Fig. 4c (also in Video S1 in 17 
the Supporting Information). Due to the differential Laplace pressure resulting from this difference between the radii of 18 
curvature, the droplet migrates toward the center and attains axisymmetric configuration at 𝑡 =15 s. 19 
The water droplets of volume (2 µl) above the critical size remain at the axisymmetric configuration in a stable manner 20 
for some time (~50 min). The interfacial energy of water with PDMS is higher than the sum of the interfacial energies of 21 
mineral oil with PDMS and water i.e. 𝛾𝑤𝑠 > 𝛾𝑜𝑠 + 𝛾𝑤𝑜, where γos and γws are the interfacial energies of mineral oil and 22 
water with PDMS substrate. Thus there will always be a thin film of oil between the water droplet and PDMS substrate 23 
(Fig. 4b). The interfacial tensions involving the solid surface 𝛾𝑤𝑠 and 𝛾𝑜𝑠 are difficult to measure. However, (𝛾𝑤𝑠 − 𝛾𝑜𝑠) 24 
can be determined by measuring the contact angles of water and oil on the solid surface and using Young’s law as 25 
follows47: Δ𝛾 = (𝛾𝑤𝑠 − 𝛾𝑜𝑠) = 𝛾𝑜𝑎𝑐𝑜𝑠𝜃𝑜 − 𝛾𝑤𝑎𝑐𝑜𝑠𝜃𝑤 − 𝛾𝑤𝑜, where 𝜃𝑜  and 𝜃𝑤 are the contact angles of mineral oil and 26 
water with PDMS, respectively. In the present case, the measured contact angles of the water and mineral oil with PDMS 27 
respectively are 𝜃𝑤 =112
°, 𝜃𝑜   =42
°. By substituting the interfacial properties (given in section 2), we find that Δ𝛾 > 0, 28 
thus there is always a thin layer of oil between the water droplet and PDMS substrate, which prevents pinning of water 29 
droplets38. By treating the PDMS surface with oxygen plasma for 1.0 min, the contact angles are measured to be 𝜃𝑤 =5
°, 30 
𝜃𝑜   =34
° and we find that Δ𝛾 < 0. In this case, the thin layer of oil is not formed and instead the water and oil droplets 31 
attain the Janus configuration7. 32 
The equilibrium of the water droplet (temporary) at the axisymmetric configuration can be explained by the balance of 33 
forces acting on the water droplet. In addition to the interfacial tensions, the film tension 𝛾𝐹 also contributes towards the 34 
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balance of forces (Fig. 4b). The film tension48–51 𝛾𝐹 is due to the contributions of both the oil-air 𝛾𝑜𝑎 and oil-water 𝛾𝑤𝑜 1 
interfacial tensions. For larger droplets, the balance of vertical forces acting on the water droplet can be expressed as       2 
𝐹𝑢𝑣 = 2𝜋𝑟𝑐(𝛾𝑤𝑜𝑠𝑖𝑛𝛽 + 𝛾𝑜𝑎𝑠𝑖𝑛𝜔 − 𝛾𝑤𝑎𝑠𝑖𝑛𝛼) − 2𝜋𝑅𝐹𝛾𝐹𝑠𝑖𝑛𝜃𝐹                                          (13) 3 
where 𝑅𝐹 is the contact radius of water droplet with the thin film of oil on the substrate and 𝜃𝐹 is the contact angle of the 4 
water droplet on the oil film. For the case of 3.0 µl droplet at the axisymmetric configuration, by substituting the contact 5 
radius 𝑟𝑐 , interfacial properties 𝛾𝑤𝑜 , 𝛾𝑜𝑎 and 𝛾𝑤𝑎 (from section 2), angles 𝛼, 𝛽 and 𝜔 at the three phase contact line, contact 6 
radius 𝑅𝐹 and contact angle 𝜃𝐹 (from Surface Evolver
43 simulations), we find that 𝐹𝑢𝑣 ≈ 0. Similarly, due to the 7 
axisymmetric nature of the three phase contact line, the net horizontal force acting on the water droplet 𝐹𝑢ℎ ≈ 0. Since 8 
both the horizontal and vertical forces acting on the droplet vanish, the larger droplets remain stable at this position. 9 
However, the larger stable water droplets (initial volume 𝑉𝑤𝑖 =2 µl) at the axisymmetric position evaporate continuously 10 
with time 𝑡 and become smaller in size over time and tend to lose contact with the substrate (after a duration of 50 min). 11 
The variation of the instantaneous volume of water droplet of initial size 2µl with time is shown in Fig. 5. The results 12 
show that the droplet volume varies with time as 𝑉(𝑡) = 2.5 𝑒𝑥𝑝(−𝑡 70⁄ ) − 0.5. When the droplets become smaller in 13 
size (0.75 µl, at t=50 min), the film tension becomes obsolete, and the net force acting on these droplets becomes non-14 
zero and the droplets start to migrate radially outward, which is discussed further in detail. 15 
                  16 
Fig. 4 (a) Migration of 2 μl (stable) water droplet over 15 μl mineral oil droplet; (b) Schematic of compound droplets of 17 
volume above critical size; (c) Migration of 3 μl of water droplet (with 0.5% Rhodamine, shown in purple) over 20 μl of 18 
mineral oil droplet in a cylindrical slot 19 
(b)
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 1 
Fig. 5 The instantaneous volume of water droplet 𝑉𝑤(𝑡) varies with time 𝑡, with an initial volume of 2 µl.  2 
 3 
4.3 Water droplets smaller than the critical size: migration and temporary equilibrium 4 
The migration behavior of water droplets of volumes smaller than the critical size (shown in Fig. 3a) can be explained 5 
by the balance of forces acting on the droplets. If a smaller water droplet is dispensed at the axisymmetric position or a 6 
larger stable water droplet already present at this position evaporates and becomes smaller, the net vertical component of 7 
the forces acting on the droplet is obtained from the force balance at the three phase contact line and can be expressed as  8 
𝐹𝑢𝑣 = 2𝜋𝑟𝑐(𝛾𝑤𝑜𝑠𝑖𝑛𝛽 + 𝛾𝑜𝑎𝑠𝑖𝑛𝜔 − 𝛾𝑤𝑎𝑠𝑖𝑛𝛼).                                                       (14) 9 
For the compound droplets under study, by substituting the interfacial tensions in eqns. 10 and 12, the values of the three 10 
phase contact angles 𝛼, 𝛽 and 𝜔 are determined. By using the three phase contact angles in eqn. 14, in the case of droplets 11 
of volume smaller than the critical size, we find that there is an unbalanced downward force acting on the droplets, i.e. 12 
𝐹𝑢𝑣 ≠ 0. Similarly, the net horizontal force acting on the water droplet can be expressed as 13 
𝐹𝑢ℎ = ∮(𝛾𝑜𝑎𝑐𝑜𝑠𝜔 − 𝛾𝑤𝑜𝑐𝑜𝑠𝛽 − 𝛾𝑤𝑎𝑐𝑜𝑠𝛼) 𝑑𝑆,                                                      (15) 14 
where 𝑆 denotes the spatial coordinate along the three phase contact line. When a water droplet smaller than the critical 15 
size is located at the centre of the oil droplet, the horizontal components of the interfacial tensions will be axisymmetric 16 
thus the net horizontal force 𝐹𝑢ℎ acting on the water droplet becomes zero.  However, spatial inhomogeneity in the 17 
interfacial properties or external perturbations causing a small shift of the water droplet from the axisymmetric position, 18 
could lead to 𝐹𝑢ℎ ≠ 0, although very small. The non-zero force acting on a water droplet in the vertical direction 𝐹𝑢𝑣 19 
given by eqn. 14 along with a small component of the force in horizontal direction 𝐹𝑢ℎ (due to spatial inhomogeneity) 20 
given by eqn. 15 result in the migration of droplets of size smaller than the critical size. The migration of such smaller 21 
droplets (of size below critical size) can also be explained by finding out the net force which is the difference between 22 
the weight and buoyancy forces acting on the droplets as 𝐹𝑛𝑒𝑡 = (𝜌𝑤𝑔𝑉𝑤 − 𝜌𝑜𝑔𝑉𝑜𝑤), where 𝜌𝑤  and 𝑉𝑤 are the density 23 
and volume of water droplet, respectively and 𝜌𝑜 and 𝑉𝑜𝑤  are the density of oil and volume of the water droplet inside 24 
the oil interface, respectively. The net force acting on the water droplet 𝐹𝑛𝑒𝑡 is non-zero which leads to droplet migration.  25 
Fig. 6a show the top views of a compound droplet at various time instants with sessile mineral oil droplet of volume 15 26 
μL and water droplet of volume 0.25 μl. Since the volume of the water droplet is smaller than the critical size, due to the 27 
unbalanced force given by eqn. 14, the water droplet migrates toward the edge of the sessile oil droplet. In order to view 28 
the water-oil interface below the three phase contact line, we used a PDMS substrate with a cylindrical slot illustrated in 29 
Fig. 1 and the images for 1.0 µl of water droplet are presented in Fig. 6b (also in Video S2 in the Supporting Information). 30 
As observed, for a fixed size of oil droplet, when water droplets of size smaller than critical size are dispensed on the 31 
sessile oil droplet, these water droplets do not contact the substrate and migrate radially outward until the droplets contact 32 
the substrate. The variation of the locations of the migrating droplets of different initial size with time is depicted in Fig. 33 
7. As expected, the smaller droplets migrate longer distance before coming in contact with the substrate and attain 34 
temporary equilibrium. Here we report that our experimental data reinstates what was expected physically.As observed, 35 
the droplets of volume 0.25 µl, 0.50 µl and 0.75 µl instantaneously travel radial distances of 1.93 mm, 1.37 mm and 0.89 36 
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mm, respectively, before attaining temporary equilibrium configuration. At these temporary equilibrium locations, the 1 
droplets contact with the substrate and the net force acting on the droplets become zero. The water droplets continuously 2 
evaporate and as the droplets lose contact with the substrate they tend to migrate toward the edge of the droplet. However, 3 
in the experiments some hysteresis was observed even though the droplets were losing contact with the substrate, the 4 
droplets did not migrate immediately. The possible reason for the hysteresis can be explained as follows: a droplet of size 5 
larger than the critical size, initially located at the center in a stable manner, evaporates and tends to lose contact with the 6 
substrate. However, the droplet may not loose contact with the substrate uniformly at its bottom due to surface 7 
inhomogeneity thus giving rise to a range of contact angles for small changes in the droplet volume. Also, during 8 
evaporation, a water droplet is pulled downward into the oil droplet due to the unbalanced downward force but as the 9 
radius at the three phase contact line decreases, the line tension becomes significant, which prevents the droplet from 10 
moving downward. The effect of the line tension coupled with the non-uniform contact angle at the bottom of the droplet 11 
may be attributed to the observed hysteresis. Finally, when the droplet becomes very small, it is suddenly lifted up and 12 
migrates radially outward. 13 
 14 
The smaller droplets evaporate much faster as compared to the larger droplets due to its larger surface area to volume 15 
ratio and the hysteresis is lower. Fig. 7 shows that the smaller droplets remain at the equilibrium position for a shorter 16 
duration of time. The droplets of size 0.25 µl, 0.50 µl and 0.75 µl remain in equilibrium for a duration of 3 min, 10 min 17 
and 17 min, respectively. As discussed, at the temporary equilibrium positions, as the water droplets evaporate and 18 
become smaller, these droplets no longer remain in contact with the substrate. When the droplets become smaller, the net 19 
force acting on these droplets become non-zero and the droplets continue to migrate radially outward. After the temporary 20 
equilibrium, the droplets migrate continuously toward the edge of the droplet due to continuous evaporation. As observed 21 
from Fig. 7, irrespective of the initial size, all the droplets finally arrive at the edge of the sessile oil droplet (i.e. 𝑟=2.84 22 
mm). The time instant at which the different droplets arrive at the edge of the sessile oil droplet is proportional to their 23 
initial volume. The droplets of size 0.25 µl, 0.50 µl and 0.75 µl arrive at the edge of the sessile oil droplet at 𝑡 =24 
25, 36 and 48 min, respectively. 25 
 26 
Fig. 6 (a) Top views of migrating compound droplet at different time instants, 0.25 μl water droplet on top of 15μl mineral 27 
oil droplet (b) Migration of 1.0 μl water droplet on top of 15 μl mineral oil droplet in a cylindrical slot. 28 
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 1 
Fig. 7 The variation of the locations of the migrating droplets with respect to time, with different initial volumes. 2 
 3 
4.4 Stability and Energy minimization of water droplet: 4 
 5 
 We have reported the dynamics of the water droplet of above and below critical sizes over a sessile curved mineral oil 6 
interface. The stability and the migration of such droplets are discussed using force balance at the three phase contact 7 
line. Here in this section we have reported the energy associated with different sizes of water droplet (both above and 8 
below critical) and the stability and energy minimization of the water droplet. The detailed calculation is out of the scope 9 
of this work. We have just reported a simplified scaling analysis to support the energy minimization for both the cases. 10 
(See the details in the supporting information) 11 
As for the droplets of below critical sizes, the free energy (𝐺~Ʃ(𝛾𝑖𝐴𝑖) is a function of radius of three phase contact line 12 
(rc) only [As the angles (α, β, ω) associated with three surface and interfacial tensions with respect to the three phase 13 
contact line are function of surface and interfacial tensions only reported by Torza et al.29] ( Refer supplementary 14 
information). So for the droplets of below critical size, the free energy will increase with proportion to the square of the 15 
size of the droplet (G~ 2cr ).So droplets of below critical size, dispensed at the axisymmetric position, will always migrate 16 
radially outward to minimize the energy by coming in contact with the substrate.  But once the droplet touches the 17 
substrate, the free energy (𝐺~Ʃ(𝛾∗
𝑖
𝐴∗𝑖) associated with the droplet, is a function of three phase contact radius as well as 18 
the angles associated with the three phase contact line, the contact radius of water droplet with the thin film of oil on the 19 
substrate (𝑅𝐹), the contact angle of the water droplet on the oil film (𝜃𝐹) and the film tension. Here the free energy of the 20 
droplet although will increase with the increase in radius (rc) but decreases with the increase in the angles mentioned. 21 
(Please see the Supporting Information for the Scaling Analysis). So there will be a critical size of the water droplet for 22 
the particular volume of oil droplet, above which the energy of the droplet minimizes by coming in contact with the 23 
substrate and the droplet becomes stable (temporarily) with that energy minimized state.  Here in Figure (8) a plot has 24 
been shown where free energy of the water droplet with different sizes are studied by using surface evolver simulation. 25 
We have simulated a15 μl mineral oil droplet with different sizes of water droplet. Once the droplet touches the substrate, 26 
the angles (α, β, ω), three phase contact radius (rc), and the contact radius (RF) as well as the angle (𝜃𝐹) associated with 27 
that water droplet are measured and used to calculate the energy of the droplet. It is clearly depicted from the plot that 28 
for the droplets of below critical size, as the size (or volume) increases, the energy will increase in proportion to the 29 
square of the contact radius, and as a result it migrates radially outward to minimize its energy, and once the droplet 30 
touches the substrate, due to the film tension the energy of the droplet is minimized and the droplet becomes stable.  31 
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                                                 1 
Fig. 8 The free energy associated with the water droplets of above and below critical size. 2 
4.5 Behavior of water droplets on flat and curved oil-air interfaces 3 
We have performed experiments by dispensing water droplets on flat and curved interfaces of mineral oil to demonstrate 4 
the role of the shape of the oil-air interface in droplet migration. Fig. 9a (also Video S3 in Supporting Information) shows 5 
the behavior of 2.0 μL water droplet on flat oil-air interface created using PDMS substrate with a cylindrical slot of base 6 
diameter 4.8 mm. In the case of the flat oil-air interface, the water droplet is initially in contact with the substrate, but 7 
evaporates and completely detaches from the PDMS substrate at 𝑡 = 90 min. However, the water droplet does not migrate 8 
and remains stable at the same location. The water droplet continues to remain at the same location and completely 9 
evaporates at 𝑡 = 114 min. The behavior of a 7 µl water droplet on a curved oil interface, created by dispensing oil inside 10 
a cylindrical slot, is depicted in Fig. 9b (also in Video S4 in Supporting Information).In the case of curved oil-air interface, 11 
since the since the droplet volume (i.e., 7.0 μl) is higher than the critical size, it instantaneously migrates toward the 12 
axisymmetric position, as illustrated in section 4.2. Due to evaporation, at t=124 min, the droplet becomes smaller than 13 
the critical size, thus instantaneously moves radially outward and attain a temporary equilibrium position (at 𝑡 =14 
125 min), as discussed earlier. Due to continuous evaporation, the droplet becomes smaller and continuously migrates 15 
toward the edge of the oil droplet (arrives the edge at 𝑡 = 147 min) to minimize energy. From above, it is clear that water 16 
droplets migrate on curved oil-air interfaces but remain stable on flat oil-air interfaces. 17 
In the case of flat oil-air interface, translational symmetry exists along the oil-air interface, i.e., the surface energy remains 18 
the same for any position of the water droplet on the flat oil interface. On the other hand, in the case of a curved oil-air 19 
interface, the symmetry is lost and more complex geometry arises, which facilitates the migration of the droplets for the 20 
minimization of energy. Migration of aqueous droplets on curved oil-air interfaces as described above could be beneficial 21 
in applications involving droplet transport where contamination due to direct contact and pinning of droplets on solid 22 
surfaces is of concern. From Fig. 7, we observe that irrespective of the initial droplet size, once the temporary equilibrium 23 
is lost, all the droplets achieve a constant linear velocity ~0.8 µm/s radially outward (i.e. the slope of the curves in Fig. 24 
7). Since the Reynolds number associated with the movement of the water droplet is very small i.e.𝑅𝑒 << 1, the flow is 25 
in the “creeping flow” regime in which viscous drag becomes important. The characteristic size of the water droplet is 26 
smaller than the Capillary length scale, so it takes a shape of a spherical cap in the oil phase. The viscous drag force 27 
acting on the water droplet can be expressed as𝐹𝑑~𝛼𝜇𝑅𝑉, where 𝜇 is the viscosity of the oil, 𝑅 is the radius of the water 28 
droplet and 𝛼 is geometric constant, which depends on the shape of the water droplet. In this case, the net interfacial force 29 
(given by eqn. 15 and 16) is balanced by this viscous drag to give rise to a near universal velocity. Although the 30 
viscosity52–56 does have some effect on the dynamics of the evaporation which is beyond the scope of this work. However, 31 
in the present manuscript, the objective of reporting evaporation of the water droplet in is to emphasize the role of the 32 
curved interface of the base mineral oil droplet on the migration behaviour of the water droplet. The results showed that, 33 
for flat oil interface, migration of water droplet is not observed due to the translational symmetry, even though the water 34 
droplet loses its contact from the substrate. But, for the curved oil interface, the size based migration of water droplets is 35 
observed. 36 
Next, we study the behavior of two droplets of size 2.5 µl each that are above the critical size, on flat and curved oil-air 37 
interfaces, as shown in Fig. 10a and b, respectively. On a flat oil-air interface, the two droplets remain in their original 38 
position where they are initially dispensed. However, on a curved oil-air interface, the two droplets migrate toward the 39 
axisymmetric position and get coalesced. Fig. 10b shows the top and side views of coalescence of water droplets of 40 
volume 2.5 µl on a sessile oil droplet of volume 20 µl. The two droplets dispensed initially at 𝑡 = 0 with an offset of 2.18 41 
mm from the center migrate and coalesced at 𝑡 = 5.0 s. 42 
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Once the two water droplets of size above the critical size are dispensed on the oil droplet, the water droplets migrate 1 
(due to the differential Laplace pressure) toward the axisymmetric position to minimize their energy, as explained in 2 
section 4.2. As the droplets migrate radially inward and approach each other, the drainage of thin film of oil present 3 
between the two approaching water drops take place57. The viscous flow of the oil enclosed in the progressively thinning 4 
film produces a dissipative force that hinders the coalescence. In addition to the Laplace pressure gradient, when the two 5 
water droplets are in close proximity, the molecular attractive energy estimated by Lennard-Jones potential becomes 6 
effective. This attractive potential constitutes the driving force for the ultimate deformation of the drops and the final 7 
drainage of the interposed film and the coalescence of droplets. Recently, non-coalescence of water droplets on an oil 8 
infused super hydrophobic surface due to the spontaneous formation of microscopic oil film between the droplets has 9 
been reported58. The duration of non-coalescence of water droplets was found to be one to three orders of magnitude 10 
longer as compared to submerged water droplets in an oil bath when brought in contact. Here, due to the curved interface 11 
of the base oil droplet, the driving Laplace pressure gradient helps in the coalescence process and the coalescence time 12 
in the present case was measured to be <5 s, which is three orders of magnitude smaller than that reported in literature58. 13 
The non-coalescence of water droplets on a flat interface and smaller coalescence time in the present case clearly bring 14 
out the advantages of coalescence of droplets on a curved interface of an immiscible liquid. 15 
 16 
 17 
Fig. 9 (a) Behavior of 2.0 μL water droplet on flat oil interface created using PDMS substrate with a cylindrical slot of 18 
base diameter 4.8 mm; (b) The behavior of a 7 µl water droplet on a curved oil interface, created by dispensing oil inside 19 
a cylindrical slot. 20 
t= 0 s t= 20 min t= 90 min t= 91 min t= 105 min t= 114 min
(a-i) Top view
(a-ii) Side view
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 1 
Fig. 10 (a) Behavior of two 3.0 μl water droplets floating on flat mineral oil-air interface, (i) top and (ii) side views are 2 
shown; (b) Coalescence of two 2.5 μl water droplets on top of 20 μl sessile mineral oil droplet, (i) top and (ii) side views 3 
are shown.  4 
 5 
5. Conclusions 6 
The dynamics of a compound droplet comprising a denser liquid (DI water) droplet on a sessile less dense liquid (mineral 7 
oil) droplet that satisfy the Neumann’s triangle was studied. For a fixed volume of the sessile mineral oil droplet, 8 
depending on the volume of the water droplet, the water droplet either attains stable axisymmetric configuration or 9 
migrate toward the edge of the sessile oil droplet. Stable axisymmetric configuration was observed for a water-to-oil 10 
droplet volume ratio 𝑉𝑤 𝑉𝑜⁄ ≥ 0.05 and radially outward migration of water droplet was observed for 𝑉𝑤 𝑉𝑜⁄ < 0.05. It 11 
was observed that larger droplets dispensed off-centered have asymmetric radius of curvature of the water-oil interface 12 
on the inner and outer sides, which give rise to Laplace pressure gradient that propels the droplets toward the 13 
axisymmetric position. The stability of the droplets larger than the critical size at the axisymmetric position was explained 14 
in terms of force balance involving the interfacial tensions at the three phase contact line and film tension. Water droplets 15 
smaller than the critical size do not bear contact with the substrate and thus are not subjected to film tension. For such 16 
droplets, the force balance at the three phase contact line results in an unbalanced force which is responsible for the 17 
outward migration. Smaller water droplets instantaneously migrate radially outward until contacting with the substrate 18 
where film tension comes to play and droplets attain a temporary stable state. After some delay (hysteresis), due to 19 
continuous evaporation, the water droplets migrate continuously toward the edge of the sessile oil droplet. Irrespective 20 
of the initial volume of the water droplet dispensed, after the temporary stable state, all the droplets migrate at nearly the 21 
same linear velocity. A water droplet having smaller initial volume arrive at the edge of sessile oil droplet much earlier 22 
as compared to a larger water droplet. Experiments with flat oil-air interface in which there is inherent translational 23 
symmetry showed that migration of water droplets is only possible in the case of a curved oil-air interfaces in which the 24 
symmetry is lost and there exists a non-zero unbalanced force. During the stable configuration or migration of the water 25 
droplet, the thin film of oil avoids direct contact of the water droplet with PDMS substrate thus prevents possible pinning 26 
at the contact line and contamination. Finally, we demonstrated coalescence of two water droplets of sizes above the 27 
critical volume ratio at the axisymmetric location. Migration and coalescence of water droplets on a curved oil-air 28 
interface presented in this work may open up new frontiers in chemistry and biology particularly in applications such as 29 
functionalized foods, pharmaceutical formulations and drug delivery vehicles. 30 
Supporting Information 31 
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Video S1 – migration of droplets above critical size, Video S2 – migration of droplets below critical size, Video S3 – 1 
droplet evaporation on a flat interface, Video S4 – droplet evaporation on a curved interface. Doc S5- Scaling analysis 2 
of the Energy minimization of water droplets of above and below critical size. 3 
 4 
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